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Radiative capture of protons by deuterons
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The differential cross section for radiative capture of protons by deuterons is calculated using different
realisticNN interactions. We compare our results with the available experimental data belowEx520 MeV.
Excellent agreement is found when taking into account meson exchange currents, dipole and quadrupole
contributions, and the full initial state interaction. There is only a small difference between the magnitudes of
the cross sections for the different potentials considered. The angular distributions, however, are practically
potential independent.@S0556-2813~99!07602-5#

PACS number~s!: 21.45.1v, 25.40.Lw, 25.20.2x, 27.10.1h
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The radiative capture of protons by deuterons and the
verse reaction, the photodisintegration of3He, have been
investigated experimentally and theoretically over the p
decades with quite some interest. Despite the various co
sponding investigations, the theory is only in rough agr
ment with experiment, and there are inconsistencies betw
the data up to 30% in the magnitudes of the cross secti
The experimental results by Beltet al. @1# and King et al.
@2,3# are in good agreement. Those by Matthewset al. @4#
and Skopiket al. @5# agree in the angular distributions, b
disagree in the magnitudes of the cross sections. This i
cates a calibration problem of the measurements.

From the theoretical side several attempts have been m
to describe the cross sections in this energy region. In
early calculations by Barbouret al. @6# phenomenologica
interactions were used. It was shown that the final state
teraction is quite important, and that theE2 contributions in
the electromagnetic interaction are needed in the differen
cross section. Kinget al. @2# performed an effective two
body, direct capture calculation with the initial state bei
treated as a plane wave or as a scattering state gene
from an optical potential. In the calculations by Gibson a
Lehman @7#, based on the Faddeev-type Alt-Grassberg
Sandhas~AGS! equations@8# adjusted to photoprocesses,
more realistic Yamaguchi interaction was used, but only
E1 components were employed. Fonseca and Lehman@9#
obtained the polarization observablesAyy andT20 at different
excitation energies with the same Faddeev-type formal
including only the E1 interaction. A calculation atEx
515 MeV based on realistic interactions and bothE1 and
E2 contributions has been done by Ishikawa and Sasak
@10#. Another calculation ofAyy in this energy region is by
Jourdanet al. @11#. It was found in all these investigation
that T20 is independent of the deuteron and the heliu
D-state probability, whereasAyy shows a weak dependenc
on these quantities.

Very-low-energy radiative capture processes are of c
siderable astrophysical relevance. Then-d radiative capture,
which at such energies is almost entirely a magnetic dip
(M1) transition, was studied by several authors@12–14#. In
Ref. @14# configuration-space Faddeev calculations of the
PRC 590556-2813/99/59~2!/607~4!/$15.00
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ton wave function, with inclusion of three-body forces a
meson exchange currents~MEC’s! were employed. Various
trends, e.g., the correlation between cross sections and t
binding energies, their potential dependence, and the rol
different MEC’s, were pointed out. More recently a rath
detailed investigation ofn-d andp-d radiative capture at low
energies has been performed by Vivianiet al. @15#. Their
calculations employed the quite accurate three-nucl
bound and continuum states obtained in the variational p
correlated hyperspherical method, developed, tested, and
plied over years by this group.

In Refs.@16,17# we have treated the3He photodisintegra-
tion and the inverse radiative capture process within the
tegral equation approach discussed below. These calcula
were based on the Paris, BonnA, and BonnB potentials in
Ernst-Shakin-Thaler~EST! representation: PEST, BAEST
and BBEST@18,19#. We have demonstrated in particular th
role of E2 contributions, meson exchange currents, a
higher partial waves atEx512 MeV and Ex515 MeV.
The sensitivity against the underlying potentials, moreov
was pointed out. In the present paper we extend these in
tigations and compare our calculations with all sufficien
accurate data belowEx520 MeV.

The AGS equations are well known to go over into effe
tive two-body Lippmann-Schwinger equations@8# when rep-
resenting the input two-bodyT operators in separable form
The proton-deuteron scattering amplitude, thus, is de
mined by

T~q,q9!5V~q,q9!1E d3q8V~q,q8!G0~q8!T~q8,q9!.

~1!

Applying the same technique to the3He photodisintegration
process, an integral equation of rather similar structure
obtained for the corresponding amplitude@7#,

M~q!5B~q!1E d3q8V~q,q8!G0~q8!M~q8!. ~2!

In both equations the kernel is given by an effecti
proton-deuteron potentialV and an effective free Green func
607 ©1999 The American Physical Society
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608 PRC 59W. SCHADOW AND W. SANDHAS
tion G0 . However, in Eq.~2! the inhomogeneity of Eq.~1! is
replaced by an off-shell extension of the3He photodisinte-
gration amplitude in plane-wave~Born! approximation,

B~q!5^qu^cduHemucHe&. ~3!

Here,ucHe& and ucd& are the3He and deuteron states,uq& is
the relative momentum state of the proton, andHem denotes
the electromagnetic operator. In other words, with this
placement any working program forp-d scattering, based on
separable representations or expansions of the two-body
tential, can immediately be applied to calculating the f
3He photodisintegration amplitude with inclusion of th
final-state interaction.

The cross section for thep-d capture process is obtaine
from the corresponding photodisintegration expression
using the principle of detailed balance@20#:

dsdis

dV
5

3

2

k2

Q2

dscap

dV
. ~4!

Here,k andQ are the momenta of the proton and the phot
respectively. In the present treatment no Coulomb for
have been taken into account. The matrix element~3! for p-d
capture differs from the correspondingn-d expression only
in its isospin content.

The results presented in this paper are obtained by
ploying the PEST, BAEST, and BBEST potentials as inp
@18#, however, with an improved parametrization by Haide
bauer@21#. The high quality of this input has been demo
strated in bound-state and scattering calculations@19,22,23#.

The electromagnetic operator relevant in the total cr
section is, at the low energies considered, essentially a di
operator. In the differential cross section we have to inclu
also the quadrupole operator. According to Siegert’s theo
@24#, these operators are given by

Hem
~1!;2 iEg (

i 51

3

eir iY1l~q i ,w i ! ~5!

FIG. 1. Total cross section for the capture of protons by deu
ons. The data are from@1–5#.
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Hem
~2!;

Eg
2

A20
(
i 51

3

eir i
2Y2l~q i ,w i !, ~6!

whereEg denotes the photon energy,r i the nucleon coordi-
nates,ei the electric charges, andl561 the polarization of
the photon.

Our method for determining the final state, i.e., the3He
wave function, is described in Refs.@25,26#. In the calcula-
tion of the Faddeev components the total angular momen
j of the two-body potential was restricted toj <2, while in
the full state all partial waves withj <4 ~34 channels! have
been taken into account. With this number of channel
converged calculation was achieved, incorporating 99.8%
the wave functions. Details concerning their high quality a
given in @26#. For the initial state all partial waves withj
<2 have been included in order to get a converged calc
tion of the cross section@16,17#.

Usually the differential cross section is expanded in ter
of Legendre polynomials:

s~u!5A0S 11 (
k51

4

akPk~cosu!D . ~7!

r-

FIG. 2. Angular distribution of the cross section forp-d capture
at Ex56.0 MeV. The data are from@2,3#.

FIG. 3. Thea2 angular distribution coefficient as function o
Ex . The data are from@1–5#.
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FIG. 4. Differential cross section forp-d capture for energiesEx from near threshold up to 16 MeV. The data are from@1–4#. The data
set by Matthewset al. @4# has been renormalized with theA0 from King et al. @2,3#.
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The total cross section is obtained by integrating over
angleu between the incoming photon and the outgoing p
ton:

s54pA0 . ~8!

Figure 1 shows the total cross sections for the Paris,
BonnA, and BonnB potentials compared to the experimen
data@1–5#. There is a small potential dependence ofs and,
hence, ofA0 similar to the one observed in the correspond
photoprocess@16,17#. In view of the error bars, the exper
mental data by Beltet al. @1# and Kinget al. @2,3# are repro-
duced for all potentials with the same quality. Those by M
thewset al. @4# and by Skopiket al. @5# are not described by
the theoretical curves.

Figure 2 shows the angular distribution of the different
cross section, i.e., the ratio ofs(u) and the coefficientA0
compared to the experimental data@3#. This distribution is
e
-

e
l

-

l

evidently potential independent. In other words, its sha
shows no correlation with the helium binding energy or t
D-state probability of the3He wave function.

Figure 3 shows the angular distribution coefficienta2 of
the expansion~7! compared to the coefficients extracte
from experiment@1–5#. In accordance with Fig. 2 there i
almost no potential dependence, i.e., no dependence on
three-body binding energy and theD-state probability, al-
though this probability varies for the three potentials cons
ered between 6% and 8%@26#.

Figure 4 shows the differential cross sections obtained
these potentials at various energies compared to the ex
mental data. As a result of the slight potential dependenc
the total cross section and, thus, ofA0 , the magnitudes of the
curves differ correspondingly. In all cases there is go
agreement between theory and experiment. As pointed ou
@16,17# this agreement can only be achieved by taking in
accountE1 andE2 contributions of the electromagnetic in
teraction, meson exchange currents, and higher partial w
in the potential and in the three-body wave function.
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610 PRC 59W. SCHADOW AND W. SANDHAS
should be mentioned that for increasing energies the pea
slightly shifted to the right-hand side, because of a sma
E1 and a somewhat higherE2 contribution. Note that, as
result of the missingE1-E2 interference term, the quadru
pole contribution is practically negligible in the total cro
section.

In @16,17# we have shown that for different potentials th
low-energy peak heights of the3He photodisintegration
cross sections are strictly correlated with the correspond
3He binding energies and with the number of partial wav
included. The magnitude of the present radiative capture
cess, i.e., the constantA0 , appears to be similarly fixed b
r
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the three-body binding energy. In other words, at the en
gies discussed, the radiative capture cross section does
represent an additional observable for testing different po
tials.
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